To ascertain whether such tRNAs 3 " can be folded Into a normal L-shaped tertiary structure, the higher-order structure of bovine mitochondrial tRNA Ser UGA was examined by chemical probing using dimethylsulfate and dlethylpyrocarbonate, and on the basis of the results a tertiary structure model was obtained by computer modeling. It was found that a one-base-pair elongation In the anticodon stem was compensated for by multiple-base deletions In the D and extra loop regions of the tRNA Ser UGA, which resulted In preservation of an L-shaped tertiary structure similar to that of conventional tRNAs. By summarizing the findings, the general structural requirements of mitochondrial tRNAs necessary for their functioning in the mitochondrial translation system are considered.
INTRODUCTION
Almost all tRNAs from prokaryotes and eukaryotic cytoplasms possess the highly conserved cloverleaf secondary structure (1, 2) , which is further folded into the common L-shaped tertiary structure (3) (4) (5) (6) (7) (8) . However, it has been inferred from their gene sequences that a number of animal mitochondrial (mt) tRNAs possess unusual secondary structures, presumably due to a lack of invariant nucleotides necessary for forming tertiary interactions
(D-
Our recent experiments with enzymatic and chemical probing of bovine mt tRNA^ at the RNA level revealed that it lacks tertiary interactions between the T and D loops. Instead, the higher-order structure is preserved by tertiary interactions between the D arm and the extra loop (9) . On the basis of chemical probing, de Bruijn and Klug proposed a pseudo L-form tertiary structure with a truncated D arm for serine tRNA (anticodon GCU)-tRNA Ser GCU-in human and bovine mitochondria (10) , which was confirmed by us using enzymatic probing and by the melting profiles for bovine mt tRNA Ser GCU (11, 12) .
More recently, computer modeling of mt tRNA Ser GCU possessing a shortened D arm was reported (13) . In the model, the angle formed by the helical domains composed of the acceptor stem plus T arm and the anticodon plus D arms is greater than that of conventional tRNAs, resulting in boomerang-shaped rather than L-shaped structures.
The present report proposes a tertiary structure model of another bovine mt tRNA 5 " (anticodon UGA)-tRNA^UGA-obtained by computer modeling based on chemical probing data. On the basis of enzymatic probing and phylogenetic comparison, it has already been elucidated that bovine mt tRNAS^TJGA possesses a novel cloverleaf secondary structure, with only a single nucleotide between the acceptor and D stems and a 6-basepair anticodon stem (14) . By considering the secondary and tertiary structure findings together, the general structural requirements of mt tRNAs necessary for their functioning in the mt translation system are discussed. 
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MATERIALS AND METHODS

Chemicals and enzymes
Dimethylsulfate (DMS) was obtained from Aldrich, diethylpyrocarbonate (DEPC) from Sigma, hydrazine from Pierce, and sodium borohydride, aniline and other chemicals from Wako Pure Chemicals. [5'-32 P]pCp (3000 Ci/mmol) were purchased from NEN Research Products and T4 RNA ligase from Pharmacia.
Chemical probing of tRNA
Ser
UGA
Bovine mt tRNA Ser UGA was purified from bovine liver mitochondria as described previously (14) , and labeled at the 3'end as described in the literature (15) . Modification of the endlabeled tRNA and detection of the modified residues were performed as described previously (9, 16) .
Model building
The model was manipulated and the molecular graphic images were produced using the MidusPlus software system (17) . Modified bases were not taken into account throughout the modeling. The structure was finally refined by energy minimization of 2000 iterations with the AMBER program (18) . All the manipulations and calculations were performed on an IRIS Indigo XS24 workstation (Silicon Graphics, Inc.). UGA towards the alkylating reagents described in the text. Circles indicate residues which were reactive under the native condition, squares show residues whose reactivities were detected only under semi-denaturing and denaturing conditions, and triangles denote residues whose reactivities were only detected only under the denaturing condition. Italic letters are used for the residues which could not be probed by the reagents used in this study. In the case of N-3 of C10, only a very faint signal could be obtained even under the denaturing condition and there were no reproducible results at this position under the native and semi-denaturing conditions, probably due to the presence of m 3 C32 which was well cleaved by the procedures for detecting chemically modified cytidine.
RESULTS AND DISCUSSION
Chemical probing of tRNA^UGA To verify the validity of the secondary structure model of bovine mt tRNA Ser UGA that we proposed previously (14) , as well as to obtain more information on its tertiary structure, chemical probing of bovine mt tRNA Ser UGA in solution was carried out using dimethylsulfate (DMS) specific for N-3 of C residues and N-7 of G residues, and diethylpyrocarbonate (DEPC) specific for N-7 of A residues (reviewed in 19) . N-3 of C is directly involved in hydrogen bonding in the Watson-Crick base pairing, so DMS can discriminate between the C residues in the Watson-Crick pairing and those without pairing. On the other hand, N-7 of purine residues is not involved in hydrogen bonding in the Watson -Crick base pairing, but is involved in the stacking interactions in the RNA helix. Thus, N-7 of A in the helix is usually protected from attack by DEPC (19) . To the contrary, the reactivity of N-7 of G in the helix toward DMS often depends on the species of the bases adjacent to the G residues, because DMS is smaller in volume than DEPC (19) . Table 1 . Nucleoode sequences of 14 mammalian mt tRNA SCT UGA genes aligned according to the unique secondary structure of bovine mt tRNA^TJGA (14) AMINOACYL STEM 12 3 4 5 6 7 (14) modified from (25) modified from (25) modified from (25) modified from (25) modified from (25) modified from (26) modified from (28) (14) modified from (27) modified from (29) (14) (14) (30) Abbreviations are as follows: ANTIC.STEM, anticodon stem; ANTIC.LOOP, anticodon loop; E.ARM, extra (or variable) arm; TF-STEM, T stem; TF-LOOP, T loop; c.chm., common chimpanzee; p.chm., pygmy chimpanzee; g.seal, grey seal; f.whale, fin whale; b.whale, blue whale. The numbering system conforms to the rule proposed by Sprinzl et al. (2) , except that residue numbers 8, 16, 17, 21, 47 and 48 are omitted (see te*t). Due to the elongation of the anticodon stem by one base pair, the numbers 27a and 43a are inserted between residues 26 and 27, and 43 and 44, respectively. Hyphens indicate that die residue is identical to the corresponding residue of the human gene. The residues which are thought to be involved in tertiary interactions, as discussed in the text, are shaded.
Examples of typical experimental data are given in Fig. 1 , and the schematically summarized results are shown on the cloverieaf structure of tRNAS^TJGA in Fig. 2 . All the C and A residues in the stem regions of the proposed secondary structure (14) were protected against both DMS and DEPC under the native condition, because of base pairings for N-3 of C or base stackings for N-7 of A ( Fig. 1 (a) and (c) ). Some G residues at positions 30, 31, 50, 51, 52 and 53 in the stem regions were protected against DMS (Fig. 1 (b) ), probably due to the effect of base stackings around the G residues (19) .
Under the semi-denaturing condition, N-7 of all purines and N-3 of almost all cytidines (except for C61 and C62) became reactive with the reagents. The reactivity of N-3 of C39 and C40 under the semi-denaturing condition may be due to the partial unfolding of the region including these residues (12) . It is noteworthy that A43a was protected against DEPC ( Fig. l(c) ), suggesting that this residue is stacked between G44 and U43. This observation is consistent with our previous result, and substantiates the presence of a 6-base-pair anticodon stem as described above (14) .
The fact that C56 in the T loop was protected against DMS under the native condition (Fig. l(a) ) strongly supports the base pairing of C56 with G19 in the same manner as in conventional tRNAs (7, 8) . On the other hand, G19 was reactive with DMS. This is reasonable because DMS attacks the G residue at N-7, which is not involved in the hydrogen bonding of the G19-C56 Watson-Crick base pair. N-7 of A9, which exists at the junction of the acceptor and D stems as the sole nucleotide residue, and that of A15 in the D loop, were reactive with DEPC under the native condition. The possibility of these residues interacting with another residue(s) is discussed below.
The results of our previous enzymatic probing (12, 14) using RNase Tl. nuclease S1. RNase T2 (single-stranded specific) and RNase V1 (double-stranded specific) not only support the results of the chemical probing presented here, but also serve to complement the limitation of the present method with respect to (Table 1 ) satisfy the requirements for forming the same secondary structure as that of bovine mt tRNA Se *TJGA, which we have already proposed based on three tRNA gene sequences and one tRNA sequence (14) . The nucleotides conserved in the D and T loops of conventional tRNAs involved in tertiary interactions, either between the T and D loops (*55-G18 and C56-G19) (7, 8) or within the T loop (T54-A58) (7, 8) , are also conserved in these mt tRNAs Ser UGA genes, with the sole exception of the fin whale counterpart which has A18 and A19 (7, 8) (Table 1 ), suggesting that tertiary interactions between the D and T loops exist in these mt tRNAs^UGA in a similar manner to those of the usual type of tRNAs. If the fin whale mt tRNA^TJGA with A18 and A19 is found to preserve D loop/T loop interaction, this will present a further problem to be solved.
Positions 26 and 44 are occupied by A-G in the tRNAs
Ser UGA of bovine, rat and both species of whale, G-T in those of hominoids and the two seals, and A-T in that of mouse, respectively. The fact that all of these combinations can be found at the same positions in conventional tRNAs (2) may suggest the presence of interactions between these residues.
Interaction between positions 15 and 59 will be proposed late in this paper (see 'Model building'). Positions 15 and 59 are occupied by A-T in the tRNAs^TJGA of human, common chimpanzee, gorilla, siamang, mouse and bovine, G-C in those of seal and grey seal, G-T in pygmy chimpanzee, orang utan, and opossum, and T-T in blue whale, fin whale and rat. Since all of these combinations can form some kind of base pairing, tertiary interactions between these residues may exist.
Furthermore, from a comparison of mammalian mt tRNA Sei UGA genes, any base change in the stem regions occurs so as not to disrupt the basepairing. For example, G31-C39 in the anticodon stem of almost all mammalian mt tRNA Sa UGA genes is replaced by a A31 -T39 base pair in the anticodon stem of the opossum tRNA gene, and the G-C pair at positions 13 and 22 in the D stem of tRNA Ser UGA of human, chimpanzees and gorilla is replaced by G-T (orangutan) and A-T (other mammalians) pairs. These compensatory changes also seem to support the proposed secondary structure.
Characteristic secondary structure of mt tRNA Scr UGA When the secondary structure of bovine mt tRNA Ser UGA is compared with that of yeast tRNA"*, whose tertiary structure has been elaborately elucidated (3, 4, 6) , it is noticed that six B Figure 5 . Stereoview of the core region of the proposed structural modd of bovine mt tRNA Ser UGA. AU hydrogen atoms are not shown.
residues in non-stem regions of tRNA'''* are lacking in mt tRNA^UGA; U8 at the junction of the acceptor and the D stems, D16, D17, A21 in the D loop, and U47 and C48 in the variable loop (Fig.3 ). Since these 'absent' residues are either conserved nucleotides involved in tertiary interaction or are located in the variable part in usual tRNAs (20) , they may well be deleted in mt tRNA^^GAs. On the other hand, one extra base pair (*27a-A43a) is observed in the anticodon stem of mammalian mt tRNAs^TJGA, as previously described (14).
Model building
On the basis of the above interpretations, we attempted to deduce a tertiary structure model of bovine mt tRNA^TJGA from the tertiary structure of yeast tRNA 11 * (4). First, the 'absent' residues, colored orange in Fig. 4(a) , which appeared to be located on a plane, were removed from the tertiary structure of yeast tRNA
Phe . The resulting gap caused the whole tRNA structure to divide into two coaxial, helical domains; the acceptor plus T arms-domain (Ac/T domain) and the D plus anticodon arms-domain (D/At domain). This gap was found to be sterically equivalent to just one base pair in the A-type helix RNA (Fig.4(b) ).
In the second step, a U-A base pair (¥27a-A43a) was added to the top of the anticodon stem (Fig.4(c) ), and all the residues were substituted by the corresponding residues in bovine mt tRNA^UGA. In this step, the Ac/T domain and a part of the anticodon arm (residues 27-43) together with a part of the D loop (residues [18] [19] [20] involved in the tertiary interaction between the T and D loops were fixed, and only a part of D/At domain The same structure as in panel (a) from which the 'absent' residues have been removed, and on which both the 5'-and 3'-residues adjacent to the defined 'absent' residues are mHW-ati-H by the same colors; green for residues 7 and 9, magenta for 15 and 18, red for 20 and 22, and blue for 46 and 49. (c) Tertiary structure model of mt tRNA^TJGA deduced from the structure of tRNA
, with all the residues substituted by die corresponding residues of mt tRNA Ser UGA and one base pair elongated in the anticodon stem region. As a result, the gap was filled such that the individual residues adjacent to the 'absent' residues (colored in panel (b)) came in contact with each other. The tRNA molecules are shown from two viewpoints: the right-hand view was obtained by rotating the molecule on the left about 180° around the vertical axis.
(residues 9-15, 22-26 and 44-46) was changed in location so as to make a space for the insertion of one-base-pair volume. As a result, the distance between 3'-oxygen and 5'-phosphate in the same colored residues, which should come in contact with each other, became less than 7 A (Fig. 4(c) ). A collision occurred only between bases A15 and U59, which induced a slight drift of the A15 base, resulting in the formation of a base pair with U59.
The core region of the final structure obtained is shown as a stereoview in Fig. 5 . The model building procedure involved only a slight adjustment of the Ac/T domain and the anticodon arm, in which the mutual distance and orientation between the anticodon and the CCA terminus were kept the same as that of tRNA 1 " 1 *. The structural refinement was done with 2000 iterations of energy minimization calculations, which were sufficient to remove the incorrect bond length and angles without the overall conformation of the model being changed.
Tertiary interactions in the proposed model
Because most of the tertiary interactions found in yeast tRNA 11 * were not changed during the present modeling, it is considered that these interactions are preserved in tRNA Ser UGA. However, no interactions corresponding to U8-A14 and G15-C48 in yeast tRNA"* should exist in the model of tRNA^UGA, because residues corresponding to U8 and C48 are lacking in tRNA^UGA.
It should be noted that a tertiary interaction between A15 and U59 can be formed in the model, although A15 is not protected against DEPC. However, the standard tertiary interaction A9-A23-U12 also exists in the model, which is not consistent with the reactivity of A9. These apparently unusual reactivities may be due to a lack of base stacking, as suggested in the case of A21 of yeast tRNA^ (23) , or to the structural flexibility evidenced by the melting profile of bovine mt tRNA^IJGA (12) . Because not all the interactions could be confirmed by the chemical probing method employed here, alternative biochemical or biophysical procedures will be needed to elucidate the structure of this tRNA more precisely.
One such biochemical approach is to use the reverse transcriptase reaction (21, 22) . This method is very useful for identifying residues which cannot be detected by the conventional modification-hydrolysis procedure employed here, as well as for determining all the residues involved in Watson-Crick base pairing (19, 21, 22) . However, a tRNA sample ten to one hundred times as large as that used in the present study would be required, making the method impractical for use with mt tRNAs because of the difficulty of preparing large enough samples; only about 0.05 mg of tRNA can be obtained from more than 10 kg of bovine liver (12) , while as much as 0.2 mg of tRNA would be required for the reverse transcription reaction method according to an approximate estimation.
The use of in vitro transcripts of mt tRNA Ser UGA is not feasible at present because our preliminary results showed that the yield of the transcript corresponding to bovine mt tRNA^TJGA is quite low. And even if a sufficcient quantity of the transcript was obtained, the effect of post-transcriptional modification on the conformation of tRNA would have to be checked. In spite of these methodological limitations, the chemical probing data obtained here for mt tRNA Ser UGA do provide evidence that supports not only the unusual secondary structure model proposed on the basis of previous enzymatic probing data (14; Fig. 1 ), but also the tertiary structure model with D loop/T loop interactions.
Functional implications
The proposed tertiary structure model of mt tRNA^TJGA proved to be very similar to that of yeast tRNA 1 " 1 *, particularly with respect to the condition that both tRNAs possess die same mutual distance and orientation between the anticodon and die CCA end (Fig. 4(d) ). A recent report on the enzymatic and chemical probing of bovine mt tRNA 1 * 6 suggests that die canonical extra loop/D arm interactions preserve die L-shape, higher-order structure, although tRNA 1 " 1 * lacks the D loop/T loop interactions (9) . It has also been found diat the tertiary structure of another serine isoacceptor tRNA of bovine mitochondria-tRNA Ser GCU-could be modeled so as to conform to this condition (13, and our unpublished results), under which all the mt tRNAs with their various structural variations would be able to function in die mt translation system (24) .
Note
After the manuscript for this paper had been completed and submitted for publication, a paper by Steinberg and Cedergren closely related to our present theme was published (31) . They found that structural compensation took place within the internal structure of mt tRNAs which have 7, 8 or 5 base-pairs rather than common 6-base-pair anticodon arms (according to their denotation; see Ref. 31) , in order to keep the mutual distance and orientation between the anticodon and the CCA end regions constant. The concept of their paper and that of our own are exactly the same, although diey were formulated independently. It should be noted, however, that Steinberg and Cedergren reached their conclusion through theoretical interpretation of several kinds of atypical mitochondrial tRNA gene sequences, whereas we reached ours through the systematic interpretation of our already published data (9, 11, 12, 14, 24) and the experimental data presented here.
